Fertilisation with nutrient optimisation has in Sweden resulted in large increases in volume growth in young stands of Norway spruce. There are, however, environmental concerns about repeated fertilisation and one is the risk of nutrient leakage to ground water resources and aquatic ecosystems after clear-cutting of such forests. The present study followed soil-water chemistry in optimised fertilised stands after clear-cutting, as well as effects of harvest of slash on nutrient leakage. Parts of a 30-year-old stand of Norway spruce, which had been subject to a nutrient optimisation experiment for 17 years, were clear-cut. A split-plot design with whole-tree harvesting as the subplot treatment was applied. Lysimeters were installed and soil-water sampled at nine occasions during the following four years. No significant effects of fertilisation on nitrate leaching were found, while harvest of slash affected the concentration of Ca, DOC, DON, K, Mg, ammonium and nitrate, as well as pH in the soil solution. While no effects of fertilisation could be seen on the soil water concentration of N, the results indicate an interaction between fertilisation and harvest of slash on the concentration of nitrate in the soil solution. The results indicate that forest-floor vegetation plays an important role in the retention of N after clear-cutting of fertilised forests.
Introduction
An increasing demand for forest products and enhanced interest of mitigating climate change by using forest products to substitute fossil fuel and energy demanding building materials (e.g. cement, steel, aluminium), has recently lead to an enhanced focus on risks and benefits of intensive forestry (Nordin et al. 2011) . Conventional forest fertilisation is usually applied as one to three applications of nitrogen (N) during the second half of the rotation period, which normally increases wood production by 13-20 m 3 ha -1 during the following 8-10 years (Pettersson and Högbom 2004) . Fertilisation with the principle of nutrient optimisation in young Norway spruce stands (Picea abies (L.) Karst.) has, however, shown a large potential to increase the production significantly more (Bergh et al. 1999; Bergh et al. 2005) .
Boreal ecosystems are generally limited by N (Tamm 1991) and the N retention capacity is usually considerable. Even though a large fraction of the N applied in fertilisation is integrated into tree biomass about two thirds remain in the soil (Melin et al. 1983) . One of the environmental impacts of forest fertilisation that has been debated vividly is the risk for nutrient leakage to ground water and aquatic ecosystems. There is an extensive amount of work done on the impact of traditional fertilisation on the environment in general, and especially on nutrient leakage (cf. Nohrstedt 2001), although with rather few studies on the effects of clear-cut on leakage in previously fertilised forests. Considerably less has been done on the effects of nutrient optimisation (see, however, Bergh et al. 2008 ) and the question of the effect of clear-cutting fertilised forests is therefore at the moment of great concern (e.g. Skogsstyrelsen 2007; Nordin et al. 2009 ).
There are a few studies of nutrient leakage after clear-cut in previous fertilisation experiments with large doses of N. On a relatively poor Scots pine (Pinus sylvestris L.) site in central Sweden clear-cutting enhanced nitrate leaching when the total amount of added N exceeded 1440 kg N ha -1 (Nohrstedt et al. 1994; Ring 1996) . This increase in nitrate levels was first noticed five years after the clear-cut (Ring 1996) and lasted for at least another eight years (Ring 2004) . In contrast, a few studies on richer Norway spruce sites found increasing nitrate concentrations in soil water instantly after clear-cut (Berdén et al. 1997; Smolander et al. 1998; Ring et al. 2003) . On the least productive site among these studies, however, a significant effect on nitrate concentrations was only found when an amount of 1700 kg N ha -1 had been added (Berdén et al. 1997) .
Harvest of slash (small woody residues, branches, and foliage) for bio-energy has become a common practise in Swedish forestry. Slash can, when having a high C/N-ratio, reduce the risk of leaching through immobilisation of N (Berg and Ekbohm 1983; Palviainen et al. 2004 ). Removal of slash in connection with clear-cutting has, however, been shown to reduce the risk of N-leakage, both in fertilised forests and those exposed to high anthropogenic N-deposition (Lundborg 1997) . Besides that, removal of slash reduces the N storage in the forest ecosystem, it is also considered to influence N mineralisation through effects on the soil micro-climate (Roberts et al., 2005) and to obstruct the establishment of forest-floor vegetation (Fahey et al. 1991) , which could reduce or prevent N leakage (Rosén and Lundmark-Thelin 1987) .
In the Nordic boreal forest late successional species (e.g. Vaccinium spp.), can dominate the pre-harvest forest-floor vegetation. Commonly, as a result of clear-cut of the forest the biomass of these species decreases (Palviainen et al. 2005a ) and early successional species (e.g. graminoids) increase in abundance (Bergstedt and Milberg 2001; Palviainen et al. 2005b) . The N-retention capacity of the forest-floor vegetation can, however, be expected to be reduced in forests with a closed canopy, because of low amounts of forest floor vegetation (Berdén 1994; Hedwall et al. 2010) . Subsequently, there is an increased risk of N leakage when such forests are clear-cut since the forest-floor vegetation initially has a low capacity of N retention (Emmet et al. 1991) .
The main objective of this study was to analyse post-harvest effects on soil water chemistry in nutrient optimised stands and the effect of slash and forest-floor vegetation on nutrient leakage. We tested the following hypotheses: (i) as an effect of fertilisation nutrient leakage increases after clear-cut, (ii) removal of slash reduces nutrient leakage in fertilised stands, although not to the level of non-fertilised stands, (iii) uptake of N in forest-floor vegetation significantly decreases N leakage and, (iv) slash hampers the development of forest-floor vegetation, and thus affects the leakage of N and other nutrient elements.
Material and methods

Site description
This study was performed in a long-term nutrient optimisation experiment in Asa, southern Sweden (57°08ʹN, 14°45ʹE, 225-250 m a.s.l.). The experiment was established in 1987, in a Norway spruce (Picea abies (L.) Karst.) stand planted in 1975 with two-year-old seedlings. The soil is a podsol formed in a stony shallow (< 1 m) glacial silt loam till overlaying granite bedrock situated above the highest postglacial shore line. The O horizon was 2.5 cm and the E horizon 5 cm. General constraint when the site was selected was that it should be representative for large parts of southern Sweden concerning climate and soil type. Other constraints were the need for a young, large, even aged and homogeneous spruce stand, with access to irrigation water and reasonable short distance to maintenance staff. The growing season at the site is about 190 days, the mean air temperature during the growing season 11.5 °C, and the mean annual precipitation ca 700 mm (Bergh et al. 1999) . At the start of the treatments in 1987, the stand density was ca. 2400 stems ha -1 and the site productivity was classified according to Hägglund and Lundmark (1977) as G32-G34 (top height in metres of the largest trees at age 100 years). The treatments included untreated controls, irrigation, and two nutrient optimisation treatments in a fully randomised design with four replicates consisting of 50 x 50 m plots (cf. Bergh et al. 1999) . In the present study only untreated control plots (C) and one nutrient optimisation treatment (annual supply of a complete solid fertiliser) were included. From the start of the experiment in 1987 to 2003 a total of 1000 kg N ha -1 had been added, with other nutrients in proportion to N (cf. Linder 1995) . During the same period the deposition of N was approximately 9 kg ha -1 yr -1 (SMHI 2009).
Experimental design
During the winter 2003/2004, two fertilised (F) and two control (C) plots were harvested. These adjacent plots were randomised in the original experimental design and were selected due to similar soil conditions and the opportunity to get a large clear-cut area with minimal edge effects. Before the clear-cut, the stands were measured and tree volume estimated for each plot. A split-plot design, with fertilisation as the main-plot treatment, with two replicates and removal of slash, with eight replicates as the sub-plot treatment, was applied in 25 x 25 m plots (cf. Fig. 1 ). The location of sub-plot treatments was randomised within main-plots. The harvest was either conventional (CH) where the slash was left on the plot or a whole-tree harvest (WTH). In the plots subjected to whole-tree harvest about 20% of the slash remained. At the time of harvest both the control and the fertilised stands had a closed canopy and therefore the biomass of forest-floor vegetation was close to negligible.
Soil-water sampling and analyses
In 1990, ceramic cup suction lysimeters (P80) were installed at 0.5 m depth in the mineral soil in the original treatments. These were replaced after the harvest by five new suction lysimeters in each subplot (a total of 80). Soil water was thereafter sampled at nine occasions from spring 2004 until autumn 2007. The soil water samples were pooled within subplot and sampling occasion and kept frozen until analysed.
Dissolved organic carbon (DOC) in the bulked soil solutions was analysed by means of a total organic carbon analyser (TOC-5000, Shimadzu, Tokyo, Japan). An ion chromatograph (Dionex model 4000i, Dionex Corporation, Sunnyvale, CA, USA) was used to determine nitrate and flow-injection analysis was used to determine ammonium and phosphate (Model 5012, Tecator, Höganäs, Sweden). Total N was determined after wet digestion by K 2 S 2 O 8 . Dissolved organic nitrogen (DON) was calculated as the difference between total N and inorganic-N. An ICP-MS (Elan 6100, PerkinElmer, Norwalk, CT, USA) was used to measure K, Mg, Ca and Al. In most cases, the analytical error was less than ±10% of reported values. The chemical analysis on soil water was done on unfiltered samples.
Daily water balance for both the intact control (C) and fertilised (F) stands, and the clearcut treatments was simulated by the CoupModel (ver. 4; Jansson and Karlberg 2010), designed to simulate water, energy, carbon and nitrogen processes in an ecosystem. Depending on settings, the coupled model can be run in a number of ways. In the present case we concentrated on water properties and used measured stand height and leaf area index (LAI) to define surface properties in the Penman combination equation (Monteith 1965) . Parameters describing the soil physical properties, such as hydraulic conductivity and soil moisture characteristics were derived from field soil sampling and laboratory analysis. The model was calibrated for the control treatment and a good agreement between measured and simulated soil water tensions during the period 1990-2003 was achieved. Because of similar amounts of forest-floor vegetation in the different clear-cut treatments identical surface properties were used for them. Monthly nitrate leaching was calculated as the product of modelled drainage and the soil water concentration measured closest in time.
Vegetation and tree biomass analyses
To achieve an estimate of the maximum aboveground biomass of the forest-floor vegetation, a harvest was made in late summer (August) 2007, in four systematically distributed 0.25 m 2 plots 
Statistical analyses
Treatment effects on concentrations of elements and compounds in the soil water, species composition, and N content in the forest-floor vegetation, were analysed by the univariate GLM procedure in SPSS (2008). The split-plot design was taken into account by including a random variable (blocking factor) with two levels in which fertilisation was nested. The degrees of freedom for each term and their error terms are presented in Table 1 . To fulfil the assumptions the GLM of normal distribution and homoscedasticity, square-root or log transformation as well as weighted least squares were applied. Probably because of shallow soil-depth, one subplot in an untreated control plot gave extreme values for chemical properties of the soil-water. One observation from this plot (in 2005) was defined as an outlier (> 8 standard errors higher than the overall mean for nitrate in that occasion) and excluded from the analyses. Effects of fertilisation on total mass and N content of slash were tested by means of a One-Way ANOVA in SPSS (2008) . To get a measure of the error in the estimate of total nitrate leakage during the four years following the clear cut the time component was first eliminated from all 16 transport time series (four treatments x four replicates) by subtracting the mean at each time point (= month) from each value at that time point. The standard deviation (sd) was then calculated for each treatment series (n = 196; 4 replicates x 49 months). Then a standard error was calculated by dividing sd by the square root of the number of concentration measurements (n = ca. 30). This value was considered to be the mean error at each time point and the final cumulative standard error was that value multiplied by number of months of the time series. To test for relationships between N leakage and forest-floor vegetation, Pearson correlation was applied with soil water concentration of nitrate in 2007, and as average for the whole period, total biomass of the forest-floor vegetation, and total amount of N in the vegetation.
To analyse for influence of the treatments on the correlation between the different variables, partial correlation was applied with the control variables fertilisation and removal of slash. One subplot with an extremely low vegetation biomass/N-storage and high average concentration of nitrate in the soil water was defined a bivariate outlier by comparing the Mahalanobis distance with chisquare statistics (df 2, P = 0.05). A significance level of 0.1 was used in all analyses.
Results
Fertilisation increased nitrogen concentrations and content of both branches and foliage ( Table 2 ). The C/N-ratios of the slash were lower in fertilised plots independent of slash fraction. The OneWay ANOVA showed that the amount of slash, N concentration and consequently, the total amount of N in the slash were significantly larger on fertilised than on non-fertilised plots (Table 2) . In July 2004 the nitrate concentration in all treatments was < 0.2 mg NO 3 -N l -1 (Fig. 2) . This could be compared with the background concentrations of soil water, for the period 2004-2007 (data not shown), in the adjacent non-logged fertilised (0.18 mg NO 3 -N l -1 ) and control (0.11 mg NO 3 -N l -1 ) plots, respectively. From July to October the concentrations increased and were in October 3.8 mg NO 3 -N l -1 in the fertilised treatments and 1.8 mg NO 3 -N l -1 in the control treatments. The concentrations continued to increase until the summer 2006, when maximum values of 6.6-14.9 mg NO 3 -N l -1 were reached, but decreased after that drastically and were between 0.7 and 3.0 mg NO 3 -N l -1 in October 2006 in all treatments (Fig. 2) . The same general pattern was also valid for the treatments conventional harvest (CH) and whole-tree harvest (WTH), but the Table 2 . Estimated amount of biomass and N and C/N-ratio in branches, foliage, and total slash on fertilised and non-fertilised plots. Statistics from One-Way ANOVA. The N concentrations and C/N-ratios of branches and foliage were not testable due to absence of within group variation. nitrate concentrations in WTH treated plots increased slower and to a lower maximum value of 8.3 mg NO 3 -N l -1 compared to CH treated plots where the maximum value was 12.4 mg NO 3 -N l -1 . For the study period the mean yearly precipitation was 730 mm, which was close to the long-term mean of about 700 mm yr -1 . During the same period the drainage from the intact stands were 290 mm yr -1 for control and 250 mm yr -1 for fertilised stands, respectively. Drainage from clear-cut plots was substantially larger, 530 mm yr -1 (Table 3) Fig. 3 ). This resulted in a high weight for the low concentrations measured in the beginning and the end of the study period, but non-fertilised plots with conventional harvest (C + CH), non-fertilised plots with whole-tree harvest (C + WTH), fertilised plots with conventional harvest (F + CH), fertilised plots with whole-tree harvest (F + WTH), and average standard error (se mean). in a low weight for the high nitrate concentrations measured 2005. The nitrate leakage (Fig. 3) followed mainly the pattern of nitrate concentration (Fig. 2) . The cumulative nitrate leakage was higher from F treatments than from C treatments, and higher from CH treatments than from WTH treatments, respectively (Fig. 3) . Then, from late 2005 the cumulative leakage from C + WTH increased faster than from F + WTH and C + CH and was next to largest from spring 2006. At the same time the cumulative leakage from F + WTH treated plots levelled off and was lowest from December 2005. The final cumulative nitrate leakages were 38 (F + WTH), 55 (C + CH), 61 (C + WTH), and 82 (F + CH) kg N ha -1 , respectively (Fig. 3) . For the same time period the leakages from adjacent non-harvested fertilised and control plots were 2.5 and 1.6 kg NO 3 -N ha -1 , respectively (Fig. 3) .
All analysed elements, except ammonium, showed a pattern over time similar to nitrate with a peak in concentration 1.5 to 2.5 years after the clear-cut (not shown). The concentrations of ammonium peaked earlier and then declined. Interactions between fertilisation and WTH were found on the concentrations of Al, Mg, ammonium, and nitrate (Table 4 ). In the case of Al, Mg, and nitrate the reduction in soil water concentrations by WTH was larger on fertilised plots or absent in unfertilised plots. Ammonium, on the other hand, showed a pattern where WTH only had a reductive effect in unfertilised plots. Significant effects of the interaction between the treatments were found also on pH (Table 4) . It was only on fertilised plots that WTH had a positive effect on pH. A general pattern was that WTH in fertilised plots reduced soil water concentrations to levels comparable to unfertilised plots (Fig. 4) . The nitrate concentrations were lower in fertilised plots with WTH and higher with CH than on control plots. As an effect of fertilisation an increase in soil water concentrations for many of the analysed elements was noticed, but significant effects were only found for K and Mg (Table 4 ). The concentrations of Ca, DOC, DON, K, Mg, ammonium, nitrate, and pH in soil water were all significantly affected by WTH, although these results should be interpreted with care due to the inclusion of the interaction in the statistical models. The forest-floor vegetation was dominated by D. flexuosa and R. idaeus, which together constituted the major part of the biomass (Fig. 5) . In one of the non-fertilised main-plots, however, P. aquilinum also contributed substantially. There were no significant treatment effects on the total biomass of the forest-floor vegetation. There was, however, a significant change in species composition as an effect of WTH. The amount of biomass showed significant treatment response to WTH for D. flexuosa (P = 0.002) and R. idaeus (P = 0.015) as well as other species (P = 0.034). The analysis for vegetation cover gave similar results for both D. flexuosa (P < 0.001) and R. idaeus (P = 0.011). The amount of D. flexuosa was larger while that of R. idaeus was smaller on plots with WTH (Fig. 5) . Fertilisation did not affect the biomass of the analysed species/groups of species. The analysis of vegetation cover did, however, reveal a negative effect of fertilisation on D. flexuosa (P = 0.027) and an interaction between the two treatments (P = 0.080). (Table 3) . Bars represent from left non-fertilised plots with conventional harvest (C + CH), fertilised plots with conventional harvest (F + CH), non-fertilised plots with whole-tree harvest (C + WTH) and fertilised plots with whole-tree harvest (F + WTH). Error bars show ±2 standard errors.
The average concentrations of N in plant material was 1.92% ±0.14(SD) and 0.66% ±0.09 for leaves and stems of R. idaeus, respectively, and 1.47% ±0.32 for leaves of D. flexuosa. The N concentrations of the plant material did not show any significant treatment effects. Neither were there any effects of the individual treatments on the total amount of N in the vegetation although the interaction between treatments were significant (P = 0.029). The average amounts of N in the plant material were 2.9 (C + CH), 4.8 (C + WTH), 4.9 (F + CH), and 3.9 (F + WTH) g N m -2 . In 2007, there was no significant correlation (r = -0.254; p = 0.402) between the nitrate concentration in the soil water and the total amount of N in the vegetation (Table 5) . However, the mean soil water concentration of nitrate over the whole period of measurements was positively correlated (r = 0.546; p = 0.035) with the total amount of N in the biomass of the forest-floor vegetation. Testing for impact of the treatments on the relation by partial correlation improved the correlation between soil water nitrate and biomass N (r = 0.697; p = 0.008). The total amount of N in the biomass of the forest-floor vegetation was well correlated (r = 0.798; p < 0.001) with the biomass (Table 5 ). There were, on the other hand, no significant correlation between soil water nitrate and biomass.
The N mass balance of the soil compartment during the four years after clear-cutting was dominated by input from foliage in connection with the harvest (Table 6 ). The total input was 170 kg N ha -1 higher in the F + CH-than in the C + CH-treatment. Total input of N to the WTH treatments were similar and about half of that in the C + CH-treatment. For the output from the soil uptake in vegetation was largest for C + WTH-and F + CH-treatments and amounted to about 120 kg N ha -1 during four years. In the C + CH and F + WTH treatments the forest-floor vegetation extracted 73 and 98 kg N ha -1 , respectively. Leakage in the form of nitrate varied between 38 (F + WTH) and 82 (F + CH) kg N ha -1 (Table 6 ). The increase in N storage was largest for the F + CH-treatment (325 kg N ha -1 ) and a small decrease was found for the C + WTH-treatment (-17 kg N ha -1 ) ( Table 6) . 
Discussion
A considerable share of the applied N in the fertilised plots is accumulated in the aboveground biomass and can therefore be removed by harvest. As an effect of fertilisation the increase in both amount of slash and N content in the branches and foliage lead to an approximate 50% increase in N-load. Simultaneously, the C/N ratio of the slash was lower in fertilised plots. Slash can initially, depending on N concentration, act both as a source and sink of N. Berg and Ekbohm (1983) showed that net mineralisation of N in P. sylvestris litter was dependent on C/N and that net mineralisation took place at ratios below 63. In the present study the C/N ratios of the slash from fertilised and non-fertilised plots were 60 and 55, respectively, implying a potential shift from source to sink as an effect of fertilisation. Further support of this interpretation is that WTH did not cause any change in the soil water nitrate concentration in non-fertilised plots.
In contrast to removal of slash, fertilisation had only a significant effect on leakage of K and Mg. Thus, we could not find any support for our first hypothesis that nutrient leakage increases after clear-cut as an effect of fertilisation. This may be the result of low statistical power caused by a low number of replications for fertilisation (n = 2) in relation to WTH (n = 8). This is a problem which the present study has in common with many other related studies, where the original purpose of the experiment has been extended by adding new treatments. Generalisations from this experiment should, since it was carried out on only one site, be done with caution (Hurlbert 1984) . Leakage of nitrate decreased with WTH, but only in fertilised plots. This is partly in line with our second hypothesis, however, WTH in fertilised plots tended to decrease nitrate to levels lower than in non-fertilised plots.
In accordance with results of earlier studies of fertilised (Berdén et al. 1997; Ring et al. 2003 ) and non-fertilised (Staaf and Olsson 1994) stands, the soil water nitrate concentration increased almost instantly after the forest was clear-cut. Similarly to Ring et al. (2003) the levels rapidly decreased after a peak 1-2 years after the forest was cut, and approached pre-cut levels at the end of the third summer. Most of the analysed elements showed a pattern over time similar to nitrate, but ammonium peaked early and then rapidly decreased. This is probably the result of increased nitrification after the first year. A few studies of N-leakage after clear-cut of fertilised forest show results diverging from the present study (Nohrstedt et al. 1994; Ring 1996; Ring 2004) . In these studies increased N concentration in the soil water, caused by clear-cut and fertilisation, occurred first a few years after the forest was harvested and only at a high fertiliser dose. These studies, however, originate from one experiment on a relatively poor site in a harsh climate with low deposition of anthropogenic N. The site used in the present study has been exposed to long-term deposition of anthropogenic N. Long-term measurements of N leakage from control plots in present experiment indicate that N from deposition to a large extent is retained within the system (Grip 2006) . This N is accumulated in soil organic matter (Tietema et al. 1998 ) and later partly released when the forest is clear-cut, which is an effect of increased degradation of organic matter and relaxed competition from trees and their mycorrhizal symbionts.
Two species, D. flexuosa and R. idaeus, dominated the forest-floor vegetation independent of treatment. D. flexuosa is usually known to increase as an effect of increased nutrient availability (e.g. Strengbom and Nordin 2008) . In this study, however, D. flexuosa decreased as an effect of fertilisation, which is most likely an effect of competition from R. idaeus, which is an even more nitrophilous species than D. flexuosa (Ellenberg et al. 2001 ).
In the WTH-treatments D. flexuosa dominated in comparison with R. idaeus and other species. The negative effect of CH on D. flexuosa is supported by results of Olsson and Staaf (1995) and Åström et al. (2005) , who found that D. flexuosa and other graminoids were suppressed by slash. Both species can penetrate moderately thick layers of slash, but R. idaeus has a competitive advantage by its tall stature. Even though there was a change in species dominance as an effect of the treatments, there was no significant effect on total biomass of the forest-floor vegetation, which is contrary to our fourth hypothesis, that slash should hamper the development of forest-floor vegetation and thereby impact the N retention capacity negatively. The lack of treatment effects is supported by Örlander et al. (1996) who did not find any significant effect of slash on the vegetation biomass. No significant effects of treatment on the N concentration or the total N content of the plant material was found. This is contradictory to other studies, which have reported significant effects of fertilisation on the N content of D. flexuosa (Quist et al. 1999; Hedwall et al. 2010) , which is reported to be long lasting, even after relatively low doses of supplied N (Strengbom and Nordin 2008) . Högbom and Högberg (1991) found that, on a site in southern Sweden, exposed to large amounts of anthropogenic N, the N concentration of D. flexuosa leaves were enhanced only in spring and autumn. To obtain an estimate of maximum biomass, the forest-floor vegetation was sampled in late summer, which may have caused the lack of treatment effects on N concentrations.
The biomass of the forest floor vegetation did not respond to increased levels of nitrate in the soil water. The total amount of N in the vegetation biomass was, however, positively correlated with the soil water nitrate content. The lack of correlation between biomass and soil water nitrate, and the significant correlation between biomass N and nitrate indicates that even though the vegetation did not respond to nitrate by increased growth, it had the ability to increase the total content of N and potentially decrease the soil water concentrations. Thus we have found some support of our third hypothesis.
The estimated nitrogen budget gave a clear indication of the most important fluxes where the largest input to the soil-fraction was from slash. This forest was clear-cut at the age of 30 years, which is considerably less than the normal rotation periods in southern Sweden and about 10 years less than the estimated rotation period in this type of management with optimised fertilisation. The amount of slash and thereby potential input of N to the soil-fraction in conventional harvest were, thus, probably underestimated in this study. The uptake of N by forest-floor vegetation, which was 50-100 % more than the accumulated leakage, seems to be an important path for mineralised nitrogen and may be one reason for the limited leakage. Additionally, the importance of the forestfloor vegetation is underestimated by this study since nitrogen storage in roots and rhizomes was not measured. Results of Palviainen et al. (2005a) indicate that the belowground biomass of the forest floor vegetation may be as large as the aboveground parts.
Conclusions
The pre-harvest optimised fertilisation carried out on this site did not cause any significant increase in N leakage after clear-cut, which is in contrast to our expectations (hypothesis 1). This could be an effect of a high background deposition of anthropogenic N and scarce forest floor vegetation which caused enhanced leakage also in non-fertilised plots. We expected whole-tree harvest in fertilised stands to reduce N leakage, although not to the levels of the unfertilised control (hypothesis 2). Our results indicate that N leakage were reduced even further, to below the levels of non-fertilised plots. We expected the total biomass of the forest floor vegetation to be negatively affected by slash, resulting in a reduced N storage capacity (hypothesis 4). This was, however, not the case as the biomass of the vegetation was unaffected by whole-tree harvest. On the other hand the vegetation responded on enhanced levels of nitrate in the soil water with larger amounts of N in the biomass, which did not prevent, but potentially reduced N leakage. This result, together with a considerable output of N by the vegetation shown in the nitrogen budget, gives some support to our third hypothesis, that N uptake in vegetation significantly reduces leakage. Our results imply that WTH could be considered when clear-cutting fertilised forests or forests exposed to high levels of anthropogenic N deposition. Before large scale implementation, however, also knowledge from other soil types is needed, as well as an assessment of the effects on other soil properties and flora and fauna connected to thin woody debris.
